Permeability spectra and asymmetrical giant magnetoimpedance ͑AGMI͒ have been studied in a Co-based amorphous microwire upon the application of a dc biasing current together with a shift of axial hysteresis loops. The permeability from wall motion of core domains is nearly constant, but the permeability from rotational magnetization of shell domains increases with the bias current. AGMI and its field sensitivity are realized for the bias current due to the influence of a unidirectional bias field on wall motion in the circumferential direction. In addition, helical internal anisotropy in this microwire also plays a significant role in responding differently to the axial magnetization process and thus to AGMI. The helical residual stress is estimated to be smaller in Co-based amorphous wire than that in Fe-based amorphous wire. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1616971͔
During the past decade, giant magnetotransport phenomena such as giant magnetoresistance ͑GMR͒ in perovskite materials 1 and giant magnetoimpedance ͑GMI͒ in amorphous wires 2 and ribbons 3 have generated growing interest in the science community due to their excellent performance for magnetic and sensing sensor technology, especially for magnetic recording. The field sensitivity ͑or the so-called magnetic response͒ of GMI has been found to be about two times larger than that of GMR. 4 Thereby, the so-called GMI effect can be of great importance for microhead sensing purposes. 5 In addition, Knobel et al. 6 have recently pointed out that the time relaxation of impedance plays an important role in identifying what soft magnetic amorphous alloy is useful as a quick-response magnetic sensor. This observed relaxation of the impedance is related to that of the transverse magnetic permeability, also known as the magnetic permeability aftereffect ͑MAE͒ or simply disaccomodation. 7 There the maximum of GMI was found for the alloy with the lowest value of magnetostriction, which corresponded to a maximum of the transverse permeability. Taking that into account, Kim et al. 8 revealed that there were relaxations with two different frequencies for magnetic susceptibility spectra in Fe-based amorphous wires; one originating from reversible wall motion of the inner core domains with relaxation frequency of 0.36 MHz, and the other originating from reversible magnetization rotation in the outer shell domains with relaxation frequency of 1.82 MHz. Similar behavior was also observed in Co-based amorphous ribbons. 9 These studies have brought about basic physical understanding of the realistic contribution of domain wall motion and rotational magnetization processes to GMI for a small drive field. Furthermore, they 8, 9 found that the static susceptibilities resulting from reversible and irreversible magnetization processes show an asymmetric change with positive and negative torsion angles, thus allowing one to interpret asymmetrical giant magnetoimpedance ͑AGMI͒ phenomena in amorphous wires 10, 11 where kinds of AGMI are especially important for developing socalled autobiased linear GMI sensors. In one case, 10 the possible mechanism for AGMI has been proposed to be related to either a certain asymmetric arrangement of the dc magnetic configuration or a contribution to the wire voltage by the ac cross-magnetization process. For instance, AGMI was realized in a Co-based amorphous wire without torsion ͑he-lical anisotropy͒ and had circumferential anisotropy in the outer region. This means its asymmetry in the dc magnetic configuration was not required in this case. 11 Nevertheless, different asymmetric characteristics of the static susceptibility for the torsion in the positive and negative directions in amorphous wires 8, 9, 12 evidently have suggested that the presence of helical internal stress could also be a cause of AGMI in these wires.
With the hope of gaining some rudimentary insights into the underlying physics of AGMI phenomena, our efforts have been devoted to experimentally verify AGMI due to the dc bias current applied in a nontwisted Co-based amorphous microwire of Co 83.2 B 3.3 Si 5.9 Mn 7.6 . Magnetoimpedance and complex permeability spectra were measured using a HP4129A impedance analyzer. 8, 9 A direct current ͑dc͒-biased current, I b , was applied along the wire over a range of 1-25 mA during MI measurement, positively parallel and negatively antiparallel to the applied static field, respectively, as depicted in Fig. 1 .
First, we measured the magnetoimpedance ratio (⌬Z/Z) as a function of the external magnetic field (H ex ) at various frequencies up to f ϭ10 MHz ͑not shown here͒. ⌬Z/Z increases from 5% at f ϭ1 MHz up to 45% at f ϭ10 MHz, a͒ Author to whom correspondence should be addressed; electronic mail: scyu@chungbuk.ac.kr APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 14 6 OCTOBER 2003 which can be understood as being like in the case of the strong skin effect, with the impedance proportional to the square root of the frequency and permeability. 2 It is worth noting that the GMI profile has a single peak near zero field for f р5 MHz due to the magnetization process of domain wall motion. But for high frequency f ϭ10 MHz it has two symmetric peaks, reflecting the damping of domain wall motion in the circumferential direction.
Next, at a fixed frequency of 1 MHz we applied different biasing dc currents (I b ϭ1 -25 mA) along the wire axis and measured the GMI. The results obtained show that small AGMI appears for I b ϭ1 mA and, as the bias current increases until around I b ϭ15 mA, the asymmetry becomes larger but finally decreases for the largest bias current, I b ϭ25 mA. This change can be due to the influence of the unidirectional bias field on wall domain motion in the circumferential direction. The biasing circumferential field produced by the dc-biased current makes the ac susceptibility from wall displacement become asymmetric upon application of the external magnetic field in the wire axis. It is the combination of the external static magnetic field and the dcbiased current applied along the wire that introduces an effective helical field that acts on the wire. Hence, the GMI becomes asymmetric with regard to the sign of the static field applied, and this asymmetry becomes larger with the biasing circumferential field. Since the circumferential field created by the biasing current is large enough, wall motion finally is suppressed together with the asymmetry, resulting in a reduction of the permeability and thus of the GMI effect.
To further scrutinize this intriguing feature, we estimated the static permeability as a function of the biasing dc current (I b ϭ1 -25 mA). Here, the static permeability, dw , from wall motion and rot from rotational magnetization can be obtained by the relationship between real and imaginary parts of the permeability for Debye type relaxation, 13 dw ϭ2Љ( f dw ) and rot ϭ2Љ( f rot ), where f dw and f rot are the relaxation frequencies for each domain dynamics. As shown in Fig. 2 , the permeability from wall motion of core domains is nearly constant irrespective of the bias current, while the permeability from the rotation of shell domains increases with the bias current up to 15 mA and then decreases. The increases of rot up to I b ϭ15 mA is due to enhancement of the shell domain volume by the circumferential field, but the decrease of permeability for further current is caused by the hindrance of rotational magnetization by the strong bias field. These results permit us to interpret the reduction in the magnitude of GMI under I b ϭ25 mA ͑as mentioned above͒.
In order to elucidate influences of the measuring frequency on the AGMI in current-biased microwire, we display in Fig. 3 the frequency dependence of AGMI under various bias currents, I b ϭ1 and 10 mA. It is clear that the AGMI increases with the measuring frequency. Unlike in the case of I b ϭ0 mA, however, the two peaks of the GMI curve becomes hysteretic and asymmetric even under I b ϭ1 mA. The asymmetry of the GMI profile is more pronounced under higher current ͑i.e., I b ϭ10 mA). Another remarkable feature is that under I b ϭ10 mA the asymmetry of the GMI profile increases with an increase in frequency from f ϭ0.1 to 5 MHz but begins to reduce at high frequency, f ϭ10 MHz. In this case, the circumferential bias field could suppress wall motion in one circumferential direction, but promotes wall motion in the other direction. Consequently, AGMI appears as the bias current increases. As the measuring frequency greatly increases ͑over f ϭ10 MHz), the asymmetry of the GMI profile becomes small, reflecting that the influence of the bias field on rotational magnetization is smaller than that on wall motion. Besides finding higher field sensitivity of GMI upon appropriate application of the bias current, we have found the biasing dc current (I b ϭ25 mA) and the frequency ( f ϭ10 MHz) where the asymmetry of the GMI profile started to reduce. These are very useful for constructing a linear field sensor. 10 As discussed above, on the other hand, the asymmetric variation of susceptibility with the torsion direction revealed that there exists internal torsional stress in the negative direction. 8 To be precise, in the present work we measured axial hysteresis loops, M -H, for various positive and negative biasing currents, I b . As can be seen clearly from Fig. 4 , the M -H loop shifts towards the negative as the positive biasing current increases, and also an opposite tendency is observed for an increase of negative biasing current. It is worth noting that with increasing bias current ͑circumferen-tial bias field͒ the axial magnetization process becomes harder as can be observed by the reduction of axial magnetization at the maximum axial field applied. This qualitatively agrees with what we discussed above about the biasing dc current dependence of the AGMI. We depict in Fig. 5 the difference in magnetization ͓⌬M ϭ͉M (ϩ20 Oe)͉Ϫ͉M (Ϫ20 Oe)͉͔ at the applied maximum field as a function of the dc bias current and have found a different influence of this current on the axial magnetization process in the negative and positive directions. Because of the symmetric characteristics of the stress components along the sample axis for positive and negative current-biased application, the dependence of the AGMI on the dc bias current direction could be symmetric if the residual stress is circular. 8, 10 Thus, the asymmetric variation in the axial magnetization process for the positive and negative directions of bias current indicates that there exists ''helical'' residual stress in the negative direction. Accordingly, we strongly suggest that the appearance of helical internal anisotropy in nontwisted Co-based amorphous wires must be also a cause of AGMI. In other words, besides the contribution of unidirectional anisotropy to AGMI, the helical internal anisotropy in the wire also plays a significant role in responding differently to the axial magnetization process and thus to AGMI. Furthermore, the helical stress for Fe-based amorphous wire 8 was estimated to be 54 MPa in the shell domain when the counterbalancing angle is taken as ϩ30°for rotational magnetization. In the same experimental procedure, the helical stress for Co-based amorphous wire 14 is only estimated to be 38 MPa. This means that the helical residual stress in the Co-based amorphous wire is smaller than that in the Fe-based amorphous wire, which can be understood due to the difference in their domain structures. 
